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PERFORMANCE EVALUATION OF POTENTIAL FUEL SYSTEM
ICING INHIBITORS IN AVIATION JET FUEL USING

THE U.S. NAVY AIRCRAFT FUEL SYSTEM
ICING SIMULATOR

FINAL REPORT
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Enclosures.

(1) Descriptions of FSII's Evaluated
(2) Schematic of FSIS Test Rig
(3) Description of FSIS Test Protocol
(4) Figures 1 through 24
(5) Curve Fits Used to Graphically Compare Data Sets
(6) Performance Comparison of Successful FSII's/Candidates for Additional Research
(7) Performance Comparison of Candidates Not Selected for Additional Research

1. Introduction.

a. The Naval Air Warfare Center, together with the Air Force's Wright Laboratories, is
actively looking for additives which can be used as potential Fuel System Icing Inhibitors (FSII)
in military aviation turbine fuels in place of the current standard FSII, Diethylene Glycol
Monomethyl Ether (DiEGME). This was started because of concern that DiEGME, as a
member of the glycol ether chemical family, might be regulated more stringently, greatly
increasing the costs (procurement, disposal, etc.) associated with use of this additive. DiEGME,
used by the U.S. Navy for over 20 years, was chosen as the DoD/industry standard FSII when
the use of the former standard FSII (Ethylene Glycol Monomethyl Ether or EGME) was stopped
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due to concerns over safety of use. Current efforts to determine suitable substitute FSII
additives are directed in two areas: development of non-environmentally dangerous FSII
additives and adaptation of readily available, more environmentally friendly, off-the-shelf
compounds to use as FSII additives.

b. FSII is added to military jet fuels for two reasons: to prevent the formation of ice in
aircraft fuel systems and to prevent the growth of micro-organisms in fuel tanks (aircraft and
bulk storage). References (a) and (b) set down the required specification concentration of FSII
in military aviation jet fuel in terms of minimum and maximum allowable additive
concentrations (measured in volume percent).

c. EGME, DiEGME and 23 candidate additives were evaluated. Descriptions and chemical
structures of each additive are shown in enclosure (1).

d. This report reviews only the effectiveness of the 25 FSII/potential FSII additives at
preventing icing; it does not compare their effectiveness as biocidal agents.

2. Method of Testing FSII Additive Performance.

a. Test Apparatus. The test apparatus used to compare the performance of the FSII
additives was the U.s. Navy Fuel System Icing Simulator (FSIS) located at the Naval Air
Warfare Center Aircraft Division, Trenton, NJ (NAVAIRWARCENACDIVTRENTON) test
facility. This test rig is a small scale, recirculating simulator which can be used to test the
effectiveness of FSII additives at varying concentrations and varying amounts of total water.
See enclosure (2) for a schematic diagram of the FSIS test rig.

b. Test Protocol.

(1) The test protocol used for developing data on each of the additives tested is outlined
in enclosure (3).

(2) For the purposes of comparing the effectiveness of each of the compounds in
preventing ice formation, the same additive free jet fuel was used with all FSII additives and
candidate additives.

(3) Additive concentration was varied within the range 0.00 to 0.50 volume percent.

3. Discussion. As indicated in references (c) and (d), FSII, because of its hydrophilic nature,
has a tendency to become depleted in the fuel bulk transportation/storage system as it comes in
contact with water. This means that it is possible to have FSII levels in fuel entering aircraft
that is below the minimum concentration required by specifications (see references (a) and (b)
for specification concentrations of FSII in military aviation jet fuel). The current Navy
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requirement for FSII concentration in fuel being delivered to aircraft (reference (e» is 0.03
volume percent; current Army/Air ForcelNATO requirement for fuel being delivered to aircraft
(reference (t» is 0.07 volume percent. The upper use limit (references (a), (b), (d), (e) and (f)
is 0.20 volume percent. These in service limits on FSII concentration in fuel delivered to
aircraft provided the target range for additive concentrations tested in the FSIS test rig (0.03 to
0.20 volume percent). In order to establish the bottom end of the additive performance curves,
concentrations of 0.00, 0.01 and 0.02 volume percent were also evaluated. In order to provide
feedback to developers which might prove useful in the synthesis of additional potential FSII
additives, the M- series and CE- series additives were tested at concentrations higher than 0.20
volume percent.

4. Results.

a. Enclosure (4), (Figures 1 through 24) display both the raw data and curves fitted to this
data for each of the 13 additives tested during the period June 1993 to February 1997. Each
Figure contains three graphs: Additive Concentration vs. Test Time, Additive Concentration vs.
Fuel Temperature and Test Time vs. Fuel Temperature.

(1) Additive Concentration vs. Test Time. This graph answers the question, "How long
will it take the water in the fuel to freeze and plug up the filter for a given concentration of
additive?" and displays the time it takes to reach 35 psi differential pressure across the 30
micron filter for a given additive concentration. The upper time limit for the test is fixed at six
hours (360 minutes); if the differential pressure of 35 psi is not encountered prior to this time,
the test is shut down. (Extensive testing has shown that if the additive concentration is enough
to reach six hours without the differential pressure reaching 35 psi, the test can be run virtually
non-stop without the filter differential pressure ever reaching 35 psi).

(2) Additive Concentration vs. Fuel Temperature. This graph answers the question "What
is the lowest fuel temperature than can be achieved for a given additive concentration before the
water in the fuel freezes and clogs the filter?" and displays the fuel temperature reached at test
termination for a given additive concentration. The lowest temperature reached (-37 to -39°C)
is set by the NESLAB cooling unit which is part of the FSIS test rig.

(3) Test Time vs. Fuel Temperature. This graph answers the question "Is the FSIS test
rig operating properly?" and displays the cool down characteristics of the FSIS test rig from
ambient room temperature to the lowest fuel temperature which the NESLAB cooling unit is set
to reach. Extensive statistical analysis of numerous tests run with EGME and DiEGME in JP-5
was used to generate a baseline time/temperature repeatability curve against which subsequent
operation of the FSIS test rig could be compared to ensure proper performance of the FSIS test
rig.
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(6) DPM and DPG are a little bit more effective than DiEGME as FSII additives (slightly
to the left of DiEGME in the Additive Concentration vs. Test Time graph (Figures 3·and 4 of
enclosure (4)) and slightly below DiEGME in the Additive Concentration vs. Fuel Temperature
graph).

(7) M-3 performed less effectively than DiEGME. On the Additive Concentration vs.
Test Time graph (Figure 7 of enclosure (4)) it displays a gently increasing performance instead
of the sharply rising increase indicative of DiEGME, EGME, M-2, M-22 and C-l. On the
Additive Concentration vs. Fuel Temperature graph (Figure 7 of enclosure (4)) it's response is
Batter than, and above that of DiEGME. Environmental concerns with other additive candidates
indicate that this compound should continue to be studied.

(8) M-16 is not a viable FSII additive at the concentrations currently accepted as normal
(maximum 0.20 volume percent DiEGME). In order to provide any anti-icing protection, a high
concentration (>0.30 volume percent) is required.

(9) M-22 performed slightly better than DiEGME at concentrations between 0.01 and
0.06 volume percent (above DiEGME in the Additive Concentration vs. Test Time graph
(Figure 19 of enclosure (4)) and below DiEGME in the Additive Concentration vs. Fuel
Temperature graph). Performance at concentrations between 0.07 and 0.09 volume percent was
slightly less than DiEGME on the Additive Concentration vs. Test Time Graph. Performance at
concentrations greater than 0.09 volume percent was equal to DiEGME.

(10) M-4 M-6 M-7 M-l1 M-14 M-15 M-17 M-18 M-19 M-20 M-21 M-23 M-24, , , , ., , , , , , , , ,
M-26 and CE-1 are considered absolute failures as possible FSII additives. Fuel containing
M-4, M-6, M-7 and CE-1 at all concentrations up to 0.50 volume percent behaved in the FSIS
rig exactly like fuel containing 0.00 volume percent FSII: complete stoppage of the 30-micron
filter occurred between 50 and 60 minutes into the test. The same performance was shown by
M-14, M-15, M-17, M-18, M-19, M-20, M-21, M-23, M-24 and M-26. These compounds,
however, were only tested at concentrations up to 0.30 volume percent (testing at higher
concentrations was not considered necessary based on experience gained during testing of the
first several FSII candidates).

(11) M-ll, a thick substance (similar to molasses except for color), was not tested in the
FSIS rig because when mixed with fuel it settled out and solidified.

(12) M-5, a white powder, has not been tested as of this report. M-8, M-9, M-lO, M-12,
M-13 and M-25 have not been submitted for testing.

6. Recommendations.

a.General. Performance in the FSIS test rig is only one part of establishing a candidate
compound's suitability as an FSII additive (poor performance on the FSIS test rig is grounds for
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not considering a candidate compound for further testing but good performance is not
necessarily sufficient grounds for continuing testing). Other items which need to be considered
are:

(1) Performance in large scale test rigs, such as the U.S. Navy Low Temperature Fuel
Flow Simulator (LTFFS).

(2) Environmental Compatibility

(a) How easy will it be to dispose of fuel storage tank water bottoms which
contain FSII?

(b) Is the candidate compound on any regulatory listings of hazardous, or potentially
hazardous substances?

(3) Interaction with other current and proposed jet fuel additives and the effect of
candidate FSII additives on other jet fuel specifications (such as flash point and thermal
stability).

(4) Effectiveness as a biocidal agent (assuming that what is desired is one additive which
will perform as both an FSII and a biocide similar to DiEGME).

(5) Cost of production (and in the case of developmental additives, the time needed to
establish cost effective production.

b. Specific.

(1) Additional testing in the U.S. Navy LTFFS rig are indicated for the following FSII
candidates: DPG, M-2/C-1, M-3 and M-22. A decision on environmental and toxicological
testing should be delayed until the results of LTFFS testing are available.

(2) Additional testing is not warranted for DPM (same family of glycol ethers as EGME
and DiEGME which may prove to be environmentally troublesome or otherwise restricted by
regulations), M-1, M-16 (performance not close enough to DiEGME), M-4, M-6, M-7, M-ll,
M-14, M-15, M-17, M-18, M-19, M-20, M-21, M-23, M-24, M-26 and CE-l.

(3) Continue to test additional compounds from George Mason University and other
developers as they become available.

6
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DESCRIPTIONS OF FSll'S EVALUATED

(1) Ethylene Glycol Monomethyl Ether (BGME): FSII additive used in JP-4 fuel from the
1960's thru 1993, in JP-8 fuel thru 1993, and, in JP-5 fuel from the 1960's thru late 1970's.
Empirical formula: C3Hg02.

(2) Di-Ethylene Glycol Monomethyl Ether (DiEGME): Standard military FSn additive used
since the late-1970's in JP-5 and in JP-8 since 1993. Empirical formula: CSH1203.

o OH
~C/ ~O/'...../

(3) Di-Propylene Glycol Methyl Ether (DPM): A commercial compound looked at as a
possible FSII additive. Empirical formula: C7H160 3.

OH OCH3

H3C~O~H3
(4) Di-Propylene Glycol (DPG): A commercial compound looked at as a possible FSII

additive. Empirical formula: C6H1403.

(5) 2,2-Dimethyl-l,3-Dioxolane-4 Methanol (M-l): A compound synthesized at George
Mason University as part ofthe joint U.S. NavylU.S. Air Force FSII development project; an
environmentally fiiendly FSII candidate. Empirical formula: C6H1203.

OH

A
o 0

~CXCH3
(Mixture ofa. and p fOnTIs)

End (1)
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(6) 1,3-Dioxolane-4-Methanol (M-2): A compound synthesized at George Mason
University as part ofthe joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSn candidate. Empirical formula: C4Hg03.

OH

A
0,-/0

(Mixture ofex and 13 forms)

(7) 2-Methyl-l,3-Dioxolane-4-Methanol (M-3): A compound synthesized at George Mason
University as part ofthe joint u.s. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: CSH903.

OH

A0,0
CH3

(Mixture ofex and 13 forms)

(8) Tri n-Butyl Ester ofGlycerol (M-4): A compound synthesized at George Mason
University as part ofthe joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: ClSH2606.

o
HC II
21'o~CHJ

HC/O~HJ

I/O~CH'
H2C II

o

2
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(9) Acetone Adduct ofTrimethylol Propane (M-6): A compound synthesized at George
Mason University as part ofthe joint U.S. Navy/U.S. Air Force FSII development project; an
environmentally friendly FSII candidate. Empirical formula: C~Ig03'

H3C~H

° 0
H3C

X CH3

(10) Acetaldehyde Adduct ofTrimethylol Propane (M-7): A compound synthesized at
George Mason University as part ofthe joint u.s. Navy/U.S. Air Force FSn development
project; an environmentally friendly FSII candidate. Empirical formula: CgH1603.

H3C~H

0'(0

CH3

(11) Formaldehyde Adduct ofTrimethylol Propane (M-II): A compound synthesized at
George Mason University as part ofthe joint U.S. Navy/U.S. Air Force FSII development
project; an environmentally friendly FSII candidate. Empirical formula: C7H 14°3.

H3C-X-0H

0",,-/0

(12) 1, 1, I-Tris(hydroxyrnethyl)Ethane Acetone Adduct (M-I4): A compound synthesized at
George Mason University as part ofthe joint U.S. Navy/U.S. Air Force FSII development
project; an environmentally friendly Fsn candidate. Empirical formula: CgH1603.

H3C~H

° 0
H3CX CH3

3
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(13) 1,1, I-Tris(hydroxymethyl)Ethane Acetaldehyde Adduct (M-lS): A compound
synthesized at George Mason University as part ofthe joint U.S. Navy/U.S. Air Force FSn
development project; an environmentally friendly FSn candidate. Empirical formula:
C7H1403·

(14) Monoacetate Ester of Glycerol (M-16): A compound synthesized at George Mason
University as part ofthe joint U.S. Navy/U.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: CSH1004.

o
HC II

2 'O~CH3
I OH

HC"""'-

I OH
H2C"""'-

(15) Triacetate Ester ofGlycerol (M-17): A compound synthesized at George Mason
University as part ofthe joint U.S. Navy/U.S. Air Force FSII development project; an
environmentally friendly FSII candidate. Empirical formula: C9H 14°6.

o
HC II

2 'O~CH3

Hl./
OY CH

3

I/O~CH3
H2C II

o

4
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(16) Ethyl 3,6 Dioxaheptanoate (M-18): A compound synthesized at George Mason
University as part of the joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: C9H1404.

o 0

I I

(17) Ethyl 3,6,9 Trioxadecanoate (M-19): A compound synthesized at George Mason
University as part ofthe joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: C 12H14OS.

o 0 0

I I I

(18) DiethyI3,6,9 Trioxaundecandioate (M-20): A compound synthesized at George Mason
University as part of the joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical formula: C15H220 7.

o 0

I I

(19) 2-Methylpropane-l,3-Diacetate (M-21): A compound synthesized at George Mason
University as part ofthe joint U.S. NavylU.S. Air Force FSrr development project; an
environmentally friendly FSn candidate. Empirical formula: CgH14°4.

o
HC II
21'O~CH3

HC-CH3

HL....Oy CH3

2 I
o

5
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(20) 2-Methyl-l,3-Propanediol (M-22): A compound synthesized at George Mason
University as part of the joint U.S. NavylU.S. Air Force FSII development project; an
environmentally friendly FSII candidate. Empirical formula: C4H1002.

H2C-OH

--/
HC- CH3

/
H2C-OH

(21) A mixture ofthree components (8% 2-Methy1-1,3-Propanediol; 48% 3-Hydroxy-2
MethylPropyl Acetate; 44% 2-Methylpropane-l,3-Diacetate) (M-23): A compound synthesized
at George Mason University as part ofthe joint u.s. Navy/U.S. Air ForceFSn development
project; an environmentally friendly FSII candidate.

2-Methyl-l,3-Propanediol 3-Hydroxy-2-MethylPropyl
Acetate

+

o

HC II
21 ......0~CH3

HC-CH3

I OH
H2C/

+

o

Hc· 11

21 ......0~CH3

HC-CH3

Hb../
OYCH

3
2 I

o
2-Methylpropane-l,3

Diacetate

(22) A mixture of two components (45% 3-Hydroxy-2-MethylPropyl Acetate; 55% 2
Methylpropane-l,3-Diacetate) (M-24): A compound synthesized at George Mason University as
part ofthe joint U.S. NavylU.S. Air Force FSII development project; an environmentally friendly
Fsn candidate.

3-Hydroxy-2-MethyIPropyl Acetate

o

H2e-..,O~I CH3

HC-CH3

I OH
H2C/

6

+

o
HC II

21 ......0~CH,

HC-CH3

Hb../
OYCH

3
2 I

o
2-Methylpropane-l,3-Diacetate
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(23) Acetone Adduct ofM-22 (M-26): A compound synthesized at George Mason
University as part ofthe joint U.S. NavylU.S. Air Force FSn development project; an
environmentally friendly FSII candidate. Empirical fonnula: C7H1402.

(24) Glycerol Fonnal (C-1): A commercially available fonn ofM-2. Empirical fomula:
C4HS03·

OH

A
0 ..............0

(Mixture ofa. and Pfonns)

(25) Aspen Systems Additive (CE-1): A Crown Ether derivative provided by Aspen
Systems. This additive was provided as 3.5 grams ofa solid dissolved in 100 milliliters ofIet A.
Empirical fonnula and structure not provided.

7



Schematic of FSIS Test Rig
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Description of FSIS Test Protocol

Test Fluid

Fuel Flow

Fuel Filter

Total Water

Additive free JP-5/JP-8 plus Fsn (3500 ml)

40 mlls

30 micron absolute, wire mesh

235 -265 ppm

1. FSIS test rig is cooled down to -37 to -40°C while test fluid is being circulated.

2. Circulation is maintained until one oftwo end conditions is met:

a. FSIS test rig automatically shuts down when pressure differential across the filter reaches
35 psi.

b. FSIS test rig is manually shut down when six (6) hours of continuous circulation is reached
without the automatic shutdown feature being activated.

End (3)




























































